Abstract. Cascade impactors, operating on the principle of inertial size separation in (ideally) laminar flow, are used to determine aerodynamic particle size distributions (APSDs) of orally inhaled product (OIP) aerosols because aerodynamic diameter can be related to respiratory tract deposition. Each stage is assumed typically to be an ideal size fractionator. Thus, all particles larger than a certain size are considered collected and all finer particles are treated as penetrating to the next stage (a step function stage efficiency curve). In reality, the collection efficiency of a stage smoothly increases with particle size as an "S-shaped" curve, from approximately 0% to 100%. Consequently, in some cases substantial overlap occurs between neighboring stages. The potential for bias associated with the step-function assumption has been explored, taking full resolution and two-stage abbreviated forms of the Andersen eight-stage nonviable impactor (ACI) and the next-generation pharmaceutical impactor (NGI) as example apparatuses. The behavior of unimodal, log-normal APSDs typical of OIP-generated aerosols has been investigated, comparing known input values to calculated values of central tendency (mass median aerodynamic diameter) and spread (geometric standard deviation, GSD). These calculations show that the error introduced by the step change assumption is larger for the ACI than for the NGI. However, the error is sufficiently small to be inconsequential unless the APSD in nearly monodisperse (GSD ≤1.2), a condition that is unlikely to occur with realistic OIPs. Account may need to be taken of this source of bias only for the most accurate work with abbreviated ACI systems.
INTRODUCTION
Cascade impactors (CIs) operate on the principle of inertial size-separation in laminar flow (1) . They are widely used to determine aerodynamic particle size distributions (APSDs) of orally inhaled product (OIP) aerosols because aerodynamic size can be related to particle deposition in the respiratory tract (2) . Furthermore, the mass of active pharmaceutical ingredient (API) can be recovered from a CI and assayed quantitatively in a fully traceable manner (3) . The European and US pharmacopeial methods for APSD assessment (4, 5) describe specific CIs including the widely used Andersen eight-stage nonviable impactor (ACI) and the next-generation pharmaceutical impactor (NGI). Regulatory agency guidance documents relating to the in vitro testing of OIPs cite the use of cascade impaction as the norm for the aerodynamic particle size assessment of emitted aerosols (6) (7) (8) .
The function of a multistage CI is primarily to fractionate the incoming aerosol into groups possessing progressively finer sizes, beginning with the coarsest particles (1, 9, 10) . The linear air velocity is increased in a series of well-defined steps as the aerosol particles move from one stage to the next in the apparatus, in order to achieve this outcome. These increases are put into effect primarily by reductions in the nozzle diameter from one stage to the next in the series. However, the number of nozzles per stage (N) as well as the number of stages within the CI (n) can also be adjusted to optimize size resolution and minimize pressure drop across especially the stages that size separate the finest subfractions (9, 10) .
The raw data from a CI comprise the mass of collected particles on each stage. The simplest relationship of the mass on a stage to the aerodynamic size appropriate to that component of the CI can be derived by assuming that the stage of interest captures all particles larger than a given size with 100% efficiency and all particles smaller than this given size with 0% efficiency. In this model, where the collection efficiency changes immediately from 0% to 100%, the cut-point size is traditionally defined where the actual stage efficiency is 50% (known as D 50 or the cut-point size; dashed line in Fig. 1 ). The value of D 50 can be calculated from the particle Stokes number (St) which is a dimensionless quantity derived from the equations of motion of a particle in laminar flow in a circular jet directed perpendicular to a flat surface. Marple and Liu (9) showed from a theoretical assessment of laminar flow in a model CI that ffiffiffiffiffiffiffiffi St 50 p is always close to 0.49 for nozzles having circular exit profiles, in accordance with the relationship defined by Eq. 1 at volumetric flow rate, Q:
Here, W is the nozzle diameter of the array containing "N" separate nozzles, all of which are assumed to have the same diameter. The other parameters relate to the Cunningham slip correction term (C 50 ), air viscosity (μ), unit density (cgs system; ρ 0 ), all of which are constants for particular measurement conditions.
In reality, the collection efficiency of a given stage (E stage ) is a smooth function of aerodynamic diameter (solid line in Fig. 1 ), transitioning from its minimum to maximum values about the aerodynamic size at which the stage is 50% efficient (D 50 value). This function is often assumed to possess symmetry about D 50 , meaning that the mass of particles larger than this size penetrating the stage in question, is exactly compensated by the mass associated with particles that are finer but which are collected thereon (N.B. this assumption cannot be true in general but could be true in some specific cases). With this assumption, the D 50 for a given stage can still be defined as a single-valued constant for operation of the CI at a fixed flow rate. This simplification avoids the need to invoke massper-stage data inversion measures that would require the shape of the response function for each stage of the CI to be defined mathematically (11) . By analogy with the properties of a unimodal and log-normal distribution, the "spread" of a real collection efficiency curve is often defined as the geometric standard deviation of the stage (GSD stage ). GSD stage is the square root of the ratio of the sizes D 84.1 and D 15.9 , at which E stage corresponds to 84.1% and 15.9%, respectively (Fig. 1) . GSD stage is unity for an ideal stage (dashed line in Fig. 1 ), but in practice this measure of stage size selectivity is <1.3 for all stages of a well-designed CI (3) . If a mathematically rigorous approach is adopted, the stage response (or kernel function), can be defined as the fraction of particles entering the impactor that are collected on the ith stage. The ith stage response is obtained as the product of its efficiency (E stage(i) ), and terms describing the fraction of particles reaching the ith stage (i.e., the fraction that is neither lost to the internal walls nor collected on previous stages (12) ). On the other hand, if, as was mentioned earlier, the choice is made to simplify the data analysis process by reducing each real stage collection efficiency curve of a multistage CI to a single value based on its D 50 value, a further assumption is tacitly made that there is negligible overlap between collection efficiency curves of adjacent stages (13) . This supposition is not entirely true with current CI designs (13) , as significant stage overlap may occur, especially at the extremes of the collection efficiency curves (E stage <15% or E stage >85%). Such behavior is clearly evident in the calibration data (Fig. 2 ) obtained with monodisperse particles of known aerodynamic diameter for designs such as the ACI (14) . Although it is not possible to be certain, in retrospect, it appears that attention was not paid during the design of this CI to space the individual stage D 50 values uniformly as a function of aerodynamic size scaled logarithmically. However, the more recently developed NGI was intentionally designed with sharp individual stage collection efficiency profiles that are equally spaced on the logarithmically scaled aerodynamic diameter axis, so as to minimize stage overlap. At the same time, five stages for APSD resolution in the critical range from 0.5-to 5.0-μm aerodynamic diameter are available throughout almost all of its operating flow rate range from 30 to 100 L/min for the assessment of pressurized metered dose (pMDI) and dry powder inhalers (15) . Stage overlap, if ignored, has the potential to introduce unexpected outcomes when comparing full-resolution CI data to equivalent measurements from abbreviated impactors derived from the same "parent" CI (16) . The presence of significant adjacent stage overlap is important because the removal of intermediate stages is almost certain to eliminate such superimposition, thereby modifying the intermediate particle size distribution that is presented to the succeeding stage of the abbreviated system, compared with the situation that exists with the full-resolution CI.
The purpose of this investigation was to explore theoretically how the assumption of an ideal step-function change in collection efficiency from 0% to 100% at the D 50 size might affect the accuracy of measured APSD-derived data for two CIs (the ACI and NGI). These CIs are the most widely encountered apparatuses for OIP aerosol assessments, based on a survey of European Pharmaceutical Aerosol Group members conducted in 2005 (17) and repeated in 2012 (18) . Each system was "challenged" with an array of input model aerosols that were defined as having unimodal and log-normal APSDs so that their mass median aerodynamic diameter (MMAD) and GSD values could be specified unambiguously. It is acknowledged that the APSDs of many OIP-generated aerosols do not fully meet this criterion (19) . Nevertheless, the assumption that OIP aerosols can be treated as unimodal and log-normally distributed, is believed to be a fair approximation to the actual situation, particularly those generated by pMDIs (20) , which is why the compendial methods also make this assumption in relation to APSD data analysis (4, 5) .
Given the interest in reducing the number of size-fractionating stages in either apparatus to as few as two, as part of the AIM concept (16), the investigation was extended to examine how measurements made by two particular abbreviated impactor configurations of significant interest as potential AIM apparatuses (both based on the same "parent" full-resolution CI) might be influenced by idealized data interpretation methods. This part of the study involved comparisons of full-resolution CI to AIM-derived APSD metrics, i.e., coarse, fine and extra-fine mass, with common, and appropriate size limits defined to be pertinent to the size-classification of OIPgenerated aerosols.
Methods: Full-Resolution CIs
The flow diagram (Fig. 3) illustrates the concept underlying this part of the investigation. An n-stage CI (either the NGI or ACI) was challenged with a series of incoming aerosols whose size properties (MMAD input and GSD input ) encompassed the ranges from 1.1 to 5.0 μm and from 1.2 to 2.2, respectively. The full stage-efficiency curves defined for the ACI at 28.3 L/min and for the NGI at 30 L/min were applied to interpret how each incoming aerosol is size fractionated, because each set of profiles provide exact descriptions of how the particle mass (m 1 ….. m n ) is distributed within the CI in question. The exact expression for the fraction of the mass that deposits on stage "n" is given by Eq. 2:
Here, σ g is the geometric standard deviation (GSD input ), and D is identical with MMAD input . The quantities E 0 … E n are the fractional collection efficiency curves of stages 0 to n of the multistage CI (E 0 is set to zero for the NGI because there is no stage designated as "zero" for this CI).
MMAD calc and GSD calc were calculated as defined in the pharmacopeial compendia (4, 5) , with these actual masses on each stage taken as "data." These moments of the APSD were also calculated using CITDAS® CI data analysis software (Copley Scientific Ltd., Nottingham, UK), which is widely employed in OIP assessments and which assumes linearity of selected near-neighbor points on a log-probit plot of the cumulative mass-weighted APSD (21) . These "linear" curve-fit calculations, based on a log-normal-scaled APSD, assume that input aerosol is unimodal and that the particles collecting on each stage are all smaller than the D 50 value of the stage immediately above. Rader et al. (12) have shown that CI stage efficiency curves can each be described accurately in analytic form using the hyperbolic tangent function:
in which d pc is the modified particle diameter corrected for slip in accordance with the expression:
C dp is the Cunningham slip correction factor associated with the physical diameter of the particle, d p (22) , and Y i and Z i are best fit parameters for each impaction stage. More recently, Roberts derived values of Y i and Z i for the NGI (23) based on the stage collection-efficiency curves from the archival calibration of this CI undertaken at four different flow rates (24, 25) . These values are summarized in Table I for operation at the flow rate of 30 L/min considered in the present study, chosen so as to allow comparison to the ACI, for which complete collection efficiency curves for all stages at 28.3 L/min are available in the public domain (14) . The size-selectivity of the stage collection efficiency curves for the NGI at 30 L/min was deemed as illustrative of the stage collection efficiency curve sharpness throughout its operating range, as equivalent curves at 15, 60, and 100 L/min have been shown to be comparable in shape (24, 25) but displaced in terms of D 50 values in accordance with Eq. 1. Inasmuch as archival calibration data are at present unavailable for the ACI, the exponential function developed by Gulak et al. (26) was used to define the stage efficiency curves at 28.3 L/min for this CI:
This particular flow rate was chosen as it is specified for pMDI assessments in the pharmacopeias (3, 4) , and therefore widely used. Table I also lists the values of the parameters A i and B i that best fitted the calibration data of Vaughan (14) at 28.3 L/min, which are frequently cited as being representative for this CI. However, the D 50 size for stage 2 was chosen to be 4.7-μm aerodynamic diameter, in keeping with the current pharmacopeial specification for this apparatus, rather than 5.7-μm aerodynamic diameter, as reported by Vaughan (14) .
Using either Eqs. 3 or 4 depending on CI type, Eq. 2 was evaluated numerically via Simpson's Rule (27) , with the particle size span set from 0.01 to 21 μm in increments of 0.01 μm. All calculations were undertaken using EXCEL* (version 14.0.5128.5000; 2010, Microsoft Corporation, Redmond, WA).
The fraction of the input aerosol mass that actually lies between size D n and D n-1 can be determined analytically by setting the E i (x) functions in Eq. 2 equal to step functions at the values of D 50 for the stages:
The error function (erf(x)) given by Eqs. 3-54 in Matthews and Walker (27) was used to evaluate Eq. 6:
in which "h" is the variable of integration. At the inlet of the impactor, particles can be any size, and so the value of D 50, n-1 was set to infinity for the incoming aerosol entering the CI from the induction port (note that erf(∞)01). Hence, Eq. 6 allowed comparison of the mass fractions collected on each stage (as computed by Eq. 2) to the actual mass in a given size range in the inlet aerosol.
Method: Abbreviated CIs
Abbreviation of either of the two full-resolution CI systems involved regarding most of the stages as being rendered non-operational. In the case of the abbreviated NGI, it was postulated that the user removed the air flow after stage 3 and reintroduced it just upstream of stage 6 making use of special cups that are available for the NGI (MSP Corporation; see Svensson and Berg (28) ). In this arrangement, the abbreviated NGI behaves much like a full-resolution NGI but with fewer stages (Fig. 4a) . In the case of the ACI, the user was assumed to have retained only stages 2, 5, and the back-up filter stages (Fig. 4b) , as described for the "Trudell" Fast Screening Andersen impactor (T-FSA) by Mitchell et al. (29) . Note that the spacer stage shown for the T-FSA, located above the first stage (stage 2), played no part in the present analysis, as it is used to obtain comparable dead-space so that formulations containing low volatile solvents, such as ethanol, have similar evaporation behavior to that in the full-resolution ACI (30). a More significant digits are provided than justified by experimental precision, so as to avoid rounding errors A similar approach to that described for the full-resolution CIs was undertaken to assess theoretically the performance for two configurations that were deemed representative of options that are likely to be of importance if the AIM concept is applied to OIP aerosol measurements (Fig. 5) . Values of mass of extrafine (M ef-abb ), fine (M f-abb ), and coarse (M c-abb ) particles that actually distributed in each abbreviated CI configuration were calculated using the stage efficiency curves for the corresponding reduced impactor. The stage efficiency functions, E i (x), in Eq. 2 were set equal to zero for stages of the full-resolution stages that were removed, and therefore the same equation for the mass fraction on a stage obtains as for the full-resolution impactor:
Equation 8 was evaluated for the abbreviated impactors numerically with Simpson's rule (31) , just as for the full-resolution impactors. The resulting mass on each stage of the abbreviated impactor was compared with the relevant value of mass (M ef-full , M f-full , and M c-full ) from the summed stages of the appropriate full-resolution CI (Eq. 2). And finally, these calculated values of mass assigned to each stage of the abbreviated CI could be compared with the actual mass in the relevant size range of the inlet aerosol via Eq. 6.
RESULTS AND DISCUSSION
Calculated mass-per-stage data are tabulated in parts I and II of the Electronic Supplementary Material for the NGI and ACI, respectively, where they are compared with the input aerosol mass distributed within the given size range for the stage in question. Tables II and III of the main article contain the magnitudes of the errors associated with calculated values of MMAD CI and GSD CI for each input APSD presented to the NGI and ACI, respectively. These errors are each expressed as a percentage of its corresponding MMAD input or GSD input value.
The magnitude of the deviations in APSD central tendency, reported as MMAD CI , associated with the use of real rather than ideal stage collection efficiency curves were a NGI and b ACI similar for the two CIs, ranging between +4.8% and −3.0% for the NGI and from +5.5% to −7.6% for the ACI, respectively. The corresponding ranges for GSD CI exceeded 10% in a few cases, varying from +11.7% to 0.0% for the NGI and from +10.8% to −5.0% for the ACI. There were no marked trends associated with either CI type or input APSD characteristics. However, as a general rule, making the assumption of ideal stage collection curves in most instances resulted in only minor broadening of the output APSD combined with correspondingly small shifts of MMAD CI to larger sizes. The increased deviations in GSD CI that were most noticeable with aerosols having the smallest GSD input of 1.2 was anticipated, since the size-fractionation of such near-to-monodisperse aerosols, regardless of their MMAD, is intuitively more sensitive to the precise shape of the stage collection efficiency profiles of the one or two stages in the CI at most, at which size-fractionation takes place to a significant extent (32) . Taken to an extreme, it follows that size fractionation of a hypothetical near-to-perfectly monodisperse aerosol (GSD input 01.01) by a single ideal stage in the CI whose collection efficiency profile is a step function at its D 50 size will depend critically on the magnitude of the difference between MMAD input and the D 50 value of the stage in question. Fortuitously, currently marketed OIP-generated aerosols are polydisperse, almost all having MMAD values in the range 1 to 5 μm (comparable with the range of input values examined here), and with corresponding values of GSD that lie mostly in the range from 1.8 to 2.2 (20, 33) . It therefore follows that the error introduced by assuming that the stage collection efficiency profiles can be represented by their D 50 values alone is expected to be small, regardless whether the NGI or ACI is used as the measurement apparatus. The example shown in Fig. 6 illustrates this finding more clearly. The model APSD having MMAD input and GSD input of 5.0 μm and 2.2 respectively was intentionally chosen for this illustration since the overlap between the collection efficiency profiles for stages 2 and 3 of the ACI occurring at ca. 5 μm aerodynamic diameter is most apparent (Fig. 2) . Returning to Fig. 6 , an error band representing 5% deviation either side of the input APSD is also shown to give perspective to these calculated deviations. It is self-evident that the calculated NGI-based APSD was very close to that of the input aerosol whereas the calculated APSD for the ACI was shifted slightly further to finer sizes, mostly as a result of the significant overlap between its stage 2 and stages 1 and 3. However, APSDs deduced by idealized data interpretation methods with either CI were within the error band.
When examining the effect of abbreviating a given CI, it is necessary to examine how these changes in APSD moments caused by assuming ideal stage collection behavior that have already been described translate into measures that are more directly pertinent to the mass of active pharmaceutical ingredient contained in size ranges that are linked (however tenuously) to regions of particle deposition in the human respiratory tract (34, 35) . For the purposes of this article, three such regions were therefore defined as follows: Comparisons between the mass derived from the input APSD and the corresponding mass calculated assuming actual stage collection efficiency profiles (arbitrary units) on each of the grouped stages of the NGI and ACI are summarized in the first two columns under the heading "calculated deposition" in Tables IV and V, respectively. Both tables also contain the corresponding values for abbreviated NGI and ACI configurations in which the remaining stages were selected such that their D 50 values matched with each full-resolution CI stage grouping (compare Fig. 4a, b) .
The absolute values (Δm) of the deviations between the calculated deposited mass in each abbreviated CI configuration (m component ) and the corresponding values from the input APSD (m input ) covering the same size range were compared with the mass that would have been apportioned based on the size characteristics of the input aerosol APSD, in accordance with:
The subscript "component" represents the selected stage grouping for consideration. These values are summarized in Tables VI and VII for the NGI and ACI systems, respectively. No bias due to the assumption of ideal stage collection efficiency behavior is indicated where Δm00.
The full-resolution CI would normally be considered as the reference apparatus in method development for an abbreviated apparatus. In order to compare how the deviations associated with the abbreviated CIs matched with their corresponding full-resolution "parent" apparatus, Eq. 9 was modified to the form:
The sum of the mass collecting on stages m to n, represents the grouped stage mass for each full-resolution CI configuration, calculated according to the same size range criteria established above. These results are also summarized in Tables VI and VII for the NGI and ACI configurations, respectively.
In Tables VI and VII, the sensitivity of Δm to divergence between ideal and actual stage collection efficiency profiles is maximized where the magnitude of the apportioned mass to a given stage grouping for the full-resolution systems or stage number in the case of the abbreviated impactors is greatest. However, normalizing to the magnitude of mass assigned to each location based on the input APSD would have resulted in values of infinity in cases where the input aerosol apportioned mass was zero. Notwithstanding this If it is assumed that the mass of aerosol associated with fine particles (M f ) represents the most beneficial portion of the emitted dose from the majority of currently marketed OIPs that are intended for therapy in relation to obstructive and inflammatory lung diseases (37) , it is instructive to compare the ratios of the calculated values of this metric associated with the abbreviated impactors (R f ), in accordance with:
Again using in each case, the corresponding values from grouped stages of the corresponding full-resolution systems as the reference condition. R f is 100% when there is perfect concordance between measures obtained by abbreviated and fullresolution CI configurations. Bias introduced by abbreviating either the NGI or ACI was small (Figs. 7a (NGI) and 8a (ACI)), generally increasing with relatively large MMAD input combined with decreased GSD input . For the abbreviated NGI, in the worst case, R f deviated by +4.4% from perfect concordance, where the input aerosol characteristics were MMAD input 05.0 μm and GSD input 01.2. Similar but more pronounced trends with MMA-D input and GSD input were observed for the abbreviated ACI; for this system, in the worst case, R f deviated by −9.9% from perfect concordance, where the input aerosol characteristics were also MMAD input 05.0 μm and GSD input 01.2. This outcome would be Fig. 7 . Deviations in the ratios of fine (R f ) and extra-fine (R ef ) particle fraction from unimodal log-normal input APSDs for NGI operated at 30 L/min Fig. 8 . Deviations in the ratios of fine (R f ) and extra-fine (R ef ) particle fraction from unimodal log-normal input APSDs for ACI operated at 28.3 L/min consistent with removal in the abbreviated system of the significant overlap that exists between the collection efficiency curves for stage 2 and adjacent stages with this particular full-resolution CI. By eliminating overlap, the remaining stage of the abbreviated ACI configuration is presented with a different incoming intermediate size distribution containing additional larger particles that would have been captured by the preceding stages that are present in the full-resolution configuration. This modified intermediate particle size distribution is then less effectively captured by the abbreviated ACI. Given the present findings, it is likely that bias associated with this effect will be small enough to be inconsequential for currently marketed OIP characterization. However, it may be of concern, should a near-to monodisperse product become available whose GSD is <1.5. In contrast, the reduced stage efficiency curve overlap associated with the NGI (24, 25) , it is considered unlikely that the discrepancies in values of R f (all<4.5%) would be observable experimentally, given the magnitude of other contributors to the overall variability of the CI method (38) .
It is also a useful exercise to examine the behavior of the mass apportioned to the extra-fine particles ≤1.1 μm, given their potential importance for distal airway and alveolar delivery (37) . The same approach as described for calculating R f was therefore used to determine the ratio for extra-fine particle mass (R ef ) since, by analogy with Eq. 11:
The potential for bias to R ef to be introduced by abbreviating either the NGI or ACI was in most instances small and comparable with the corresponding values of R f for a given input APSD (Figs. 7b (NGI) and 8b (ACI)). In the worst case with the NGI (MMAD input 04.0 μm; GSD input 01.2), this bias attained a value that was close to +10%. In contrast, however, the corresponding bias associated with the ACI for input aerosols having GSD values of 1.2 was as much as −77.4% for the case in which MMAD input was 5.0 μm and was <10% only for the case where MMAD input was 1.1 μm. Interestingly, bias predicted for the abbreviated ACI was much smaller, being <4% regardless of MMAD input , when GSD input was >1.2. For the NGI, the potential for bias in measures of R ef associated with abbreviating the system are deemed likely to be inconsequential, except perhaps for highly monodisperse aerosols. However, although bias associated with R ef for an abbreviated ACI appears to be sufficiently small that it can be ignored for OIPgenerated polydisperse aerosols, such a system would likely be unusable in comparison with its full-resolution ACI, should a monodisperse product become available.
CONCLUSIONS
This theoretical study simulated the inertial size fractionation of well-characterized aerosols in terms of their MMAD and GSD values by the NGI and ACI, two widely used CIs for the assessment of OIPs. These apparatuses imperfectly separate incoming aerosol into subfractions, because the collection efficiency of each stage is not an ideal step function from zero to 100%. This nonideal size separation of the CI stages can be properly accounted for by considering the actual capture efficiency of each stage, in order to obtain a more accurate understanding of the input aerosol APSD, based on the real properties of the CI stages. The size distribution properties for the several input aerosols were chosen to be typical of those produced by many OIPs. The evidence from these comparisons is that the impact of idealized data interpretation methods will have a minimal influence on the understanding of the input aerosol APSDs when such calculations are undertaken, irrespective of CI type. This finding most probably arises because of the symmetry of each collection efficiency curve about its D 50 size. Thus the mass of API assumed to be captured by a given stage, when not the case in actuality is almost compensated for by the mass assumed to pass the stage but that is actually captured there. It is therefore concluded that there is no need for this refinement in calculating APSDs using either of these full-resolution CIs.
Abbreviation of either the NGI or ACI is not likely to incur significant bias associated with the assumption of ideal stage collection efficiency profiles, except perhaps for abbreviated ACI systems where the incoming aerosol is nearer to monodisperse (GSD, ≤1.2) than is likely with OIP-generated aerosols.
